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Total and partial photoionization cross sections have
been obtained for the ground states of K and Na using the R-
matrix method. Such cross sections are important in the
analysis and interpretation of spectral lines emitted from
astrophysical and fusion plasmas as well as in laser and
radiation physics. This work extends calculations beyond the
single channel region, to which Na and K photoionizations
have hitherto been limited, to the higher energy multi¬
channel resonance region. The residual Na"^ and K'*’ ions are
left in the three lowest 2p® ^S and 2p^3s and the five
lowest 3p® ^S, 3p®4s l/3pO^ 3p^3d ^P° and 3p^3d LS
states, respectively. Configuration interaction target wave
functions which take into account correlation and
polarization effects are employed to represent the atomic
and ionic states. The sensitivity of the Cooper minimum in
Na to slight changes in the initial wave function is
examined. The Na total cross sections are found to be
characterized by a resonance structure dominated by two main
narrow peaks at 2.84 Ry (22 Mb) due to the 2p^3s ^P° term
and at 3.34 Ry (18 Mb) and by a deep minimum at 2.39 Ry (-1
2
X lO"^ Mb) . Beyond the 2p^3s threshold, the single¬
channel cross section is greatly enhanced by roughly two
orders-of-magnitude due mainly to contributions from both
the 2p^3s 3,lpO states. The new giant resonance found in the
total cross section for K is due to contributions from
mainly the 4s 3,lpO 3^^ 3pO states.
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Atomic data from photoionization processes have
applications in radiation physics and in the study of
astrophysical and laboratory plasmas, especially if the
plasmas are not in thermal equilibrium. Accurate
photoionization cross sections are needed to properly
interpret the information obtained from spectral lines
emitted from plasmas.
The photoionization process may be described by
h»/ + Aj^ ——> e + A^^
where A^"*" is the residual ionic state from the
photoionization of the neutral atom Aj^.
Calculations for photoionization cross sections of
neutral sodium and potassium, both alkali-metal atoms with
one electron outside the closed shells, have been in
progress since Seaton's pioneer Hartree-Fock length
calculations.^
The measured results of Hudson and Carter^ by
photoelectric techniques have basically been the standard to
which subsequent measurements or calculations have been
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compared, although Marr and Creek^ have also reported
experimental cross sections for potassium.
There has been some concordance among the calculated
values. They all start at a finite value at the threshold
energy of the lowest LS state to a minimum except for those
including spin-orbit effects which have a non-zero minimum
due to zeros in the 3s > ^ *P3/2
sections occuring at slightly different energies as reported
for sodium.^'^ The curve then rises to a maximum and then
decreases at higher energies. Interest in these
computational studies has been centered around locating the
exact position of the minimum, investigating core
polarization effects that occur at higher energies compared
to the position of the minimum, and also understanding the
long standing discrepancy between the calculated and
available measured values in the polarization region after
the minimum ( -4 to 12 eV for Na and -0.8 to 12 eV for K).
Theoretical studies done include Hartree-Fock
calculations,^'®'^ model-potential methods,^'the
quantum-defect method, "polarized-orbital” approximation
methods (POM),^^”^^ close-coupling techniques,many-body
perturbation theory,®'®'and numerical multiconfiguration
Hartree-Fock methods.
For Na, estimates of Seaton^ and of Boyd by Hartree-
Fock calculations of the minimum were in good agreement with
experiment. Cooper,® with additional simplifying assumptions
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as to the state of the core in evaluating final state wave
functions, obtained results inconsistent with the former
two. Sheldon, employing a revised and extended form of the
quantum-defect method of Burgess and Seaton,-^ reported
futher results confirming Seaton's^ estimates.
For the K atom, Marr and Creek^ attribute molecular
absorption cross sections to the divergence of their
measured results from those of Hudson and Carter^® after the
minima.
More recent results for sodium by Dasgupta and Bhatia^^
using POM and by Isenberg et al.^^ using many-body
pertabation theory incorporating close-coupling methods
yield different locations of the minimum and differ in value
in the polarization region. The POM result, however, agrees
rather well with the detailed many-body perturbation
calculation of Chang and Kelly^ and with the close-coupling
calculations of Butler and Mendoza^^ which treat
polarization as a static contribution. The Isenberg et.
al.^^ many-body calculation includes ground-state
correlation in the lowest order and final-state channel
coupling, but apparently does not include polarization
effects. Saha et. al.^® point out that the resulting
differences in calculations might be due to an imbalance in
the initial and final state wave functions used. Morever,
Chang and Kelly^ include second-order correlations omitted
by Isenberg et. al.^^ The threshold region has been found to
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be very sensitive to correlations in both the initial and
final states.^'Chang^® has also extended a many-body
perturbation calculation beyond the minimum inculcating the
effects of virtual excitations of the inner-shell electrons.
The resulting cross sections appear to be higher than most
other theoretical results in the polarization region.
All calculations thus far yield persistently lower
cross section values in the polarization region just beyond
the minimum. The discrepancy in Na according to Chang^® may
be due to the presence of small ammounts of Na2 molecules
which have cross sections of about two orders of magnitude
higher than the atomic cross sections.
The present work extends the photoionization
calculation beyond the single-channel region worked on thus
far to the multi-channel resonance regions beyond the
thresholds of higher excited states of Na'*' and We use
the R-matrix method of Herrington et. al.^^ to calculate
cross sections for:
i) the Na 3s state leaving the residual Na'*’ ions in
the three lowest 2p® and 2p^3s l»3pO states and
ii) the K 4s state leaving the residual K'*' ions in
the five lowest 3p® 3p^4s 3p^3d and 3p®3d
LS states for photon energies from that of the lowest state
to about 50 eV. Correlation and polarization effects are
taken into account through the use of extensive
configuration interaction wave functions and the sensitivity
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of the dipole length and velocity cross sections to slight
changes in the initial wave function is also examined.
In chapter II we present the theory and in chapter III
the target wave function selection. Chapter IV presents the




The R-matrix method proceeds by partitioning the
configuration space into two regions:
(i) an internal region denoted by a sphere of radius
r=a (where r is the relative coordinate of the incoming
photon and the centre-of-gravity of the target) . Here
correlation between the scattered electron and the N-
electron target is very important and the electron complex
behaves very much as a bound state.
(ii) an external region (r>a) where electron exchange
between the scattered electron and the target can be
neglected if the chosen sphere envelopes the charge
distribution of the target states of interest.
The scattered electron moves in the long-range
multipole potential of the target.
The photoionization cross sections are usually
expressed in dipole length form as^^
daL/dJC = S^r^aao^w | <*f (k) | j | | ^ (1)
or in the dipole velocity form
day/dk = l<4'f(k) |S^^a/aZjl«r^>l2 (2)
where w is the incident photon energy in atomic units, a is
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the fine-structure constant, is the Bohr radius of the
hydrogen atom and 9^ and ’ff(Jc) are the wave functions
representing the initial state (Na*^ or N-electron core
plus the valence 3s or 4s electron) and the final state (the
core plus the continuum electron) . represents decaying
waves in all channels while *f(lc) represents a plane wave in
the direction of the ejected electron momentum Ic and ingoing
waves in all open channels.
The same form of wave function is used to describe both
the initial bound state and the final free-ion plus outgoing
electron states. The initial state (Na 2p®3s or K 3p®4s
state) is represented as a bound state of the Na"*" or K"*" -
ion-plus-electron system (i.e. the (N + 1)-electron system).
The total wave function for this system is then expanded in
the internal region by the R-matrix basis^^
^ = A S j ^iUj(r) aijj, + S xibik (3)
where A is the antisymmetrisation operator, the Uj are
radial basis orbitals linking the wave functions in the two
regions, are channel functions consisting of the wave
functions for the residual ion coupled with the spin-angle
function of the (N + l)th electron to give an eigenstate of
L, S, and n. xi are quadratically intregrable functions
vanishing at r=a and represent the (N + 1)-electron bound
configurations with the same L, s and n. These allow for
electron correlation effects. The coefficients and bj^j^
are determined by diagonalizing the total Hamiltonian of the
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(N + 1)-electron system in the basis defined by (3), giving
Sy-y., (4)
where is a surface operator defined by
lN+1 ^ l^j^>5(rj - a) (d/drj - b/rj)<^i| (5)
This operator ensures that is hermitian in the
internal region for arbitrary b. The ensuing Schroedinger
equation is
(rN+I + lN+1 - e)* = (6)
with solution
* = (7)
The inverse operator here can be expanded in terms of the
eigenfunctions in (4) giving
l*> = ^ |^><i^|lN+1|*>/(Ej^N+1 . gj
Projecting (8) onto the channel functions and evaluating
it at r=a gives
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Fi(a) = S Rij(E) (a dFj/dr - (9)
where
Rij = l/2a J WikWjj^/(E/+l . J.J (10)
is the R-matrix and the reduced radial functions
Fi(r) = <^i|4r> (11)
and reduced width amplitudes
'^ik = <^il^>r=a = SUj(a) a^jj^ (12)
are defined. The determination of the eigenvalues and
eigenvectors by diagonalizing the Hamiltonian has given the
R-matrix at all energies. The logarithmic derivative of the
reduced radial wave function at r = a is given by (9).
The Uj are continuum orbitals non-zero at r == a and
obtained by solving the zero-order radial differential
equation
(d2/dr2 - 1(1+1)/r2 + v(r) + ki2)ui(r) = (r) (13)
subject to the boundary conditions
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Ui(0) = 0 (14)
and
a/Uj^ dUi/dr|^=3 = b. (15)
V(r) is a zero-order potential chosen to be the ground state
potential. The constant b is set to zero. The are
Lagrange multipliers which are chosen to ensure that the
continuum orbitals Uj^(r) are orthogonal to the bound
orbitals Pj(r), i.e.,
a
/QUi(r) Pj(r)dr = 0. (16)
The expansions for the wave function following from (8) are
»f(k) =1^ Aj^f(k). (17)
The coefficient Aj^j^ and A]^£ are determined in the external
region by the following procedure. A total wave function in
the form
♦ =S^iFi(r) (18)
where are channel functions, is substituted into the
Schroedinger equation and projected onto channel functions
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yielding n coupled differential equations for the reduced
radial functions that is
(d2/dr2 - li(lj^+i)/r2 + ki2)Fi(r) =
2SVj^j(r) Fj(r), i=l,...,n, r>a (19)
where n is the number of coupled channels retained in
equation (1) , Ij^ are the channel angular momenta, and
the channel energies. The potential matrix is expanded in
inverse powers of r as
Vij(^) = I ®ij^ r“^’^, r>a. (20)
Solving the differential equations yields n^ linearly
independent solutions where n^ is the number of open
channels (kj^^>0) at the energy of interest. These solutions
are chosen as to satisfy the asymptotic boundary conditions
Fj^j (sintf + costfj^kj^j) , open channels
^ij I> closed channels. (21)
00
Here
8^ = kj^r - 1/2 lj_ir - fjj^ln2kj^r + (22)
ni = -(Z-n)/ki (23)
and
12
(24)= argr(l£ + 1 + iij^)
where Z is the atomic number. Substituting the solutions at
r - a, into eg. (9) enables the n^ x n^^ -matrix elements Kj^j
to be determined in terms of the n x n R-matrix elements
Rj^j. The n^j x n^^ S-matrix follows as
S = (1 + iK)/(l - iK) (25)
from which the cross sections are deduced.
The computer code in the present work follows the
general R-matrix code described by Berrington et al.^^ The
radius used for the internal region is for Na, a = 32.4aQ
au, and for K, a=20.2aQ au. In the outer region (r>a) the
field of the ion is taken to be Coulombic and the Crees




The present calculations include the continuum channels
associated with the three lowest LS states of the residual
Na'*' ion and the five lowest LS states of the ion. The
photoionization processes studied are:
hu + Na(2p®3s ^s) —> Na'^(2p® ^S) + e"
—> Na'''(2p^3s l/3pOj ^ g- ^26)
for sodium, and for potassium:
hu + K(3p®4s ^S) —> K‘'’(3p® ^S) + e"
—> K'‘'(3p^4s l/3pOj ^ g- ^27)
—> K'''(3p^3d + e”
For Na"*”, ten orthogonal basis orbitals (Is, 2s, 2p, 3s, 3p,
3d, 4s, 4p, 4d, 4f) were used to construct configuration
interaction (Cl) wave functions for each ionic state. The
same number of basis orbitals were used for K"*". The Is, 2s,
and 2p orbitals and the Is, 2s, 2p, 3s, 3p, and 3d orbitals
for the Na"^ and K'*' ions respectively are those of the ground
state ions given by dementi and Roetti^^. These ionic
orbitals are fixed. The Cl computer code, CIV3 of Hibbert^^
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was used to generate in the field of the ion the excited
orbitals 3s, 3p, 3d, 4s, 4p, 4d and 4f for Na and 3d, 4s,
4p, 4d and 4f for K. In using these extensive Cl target wave
functions correlation and polarization effects are taken
into account. The Cl wave function is of the form^''
1^(LS) = S ai^i(aj^LS) (28)
The ith single-configuration function, is constructed
from one-electron functions whose orbital and spin angular
momenta are coupled according to the operation aj^LS to form
common total angular momentum quantum numbers L and S. The
Hamiltonian matrix, with typical element can be
diagonalized to yield eigenvalues < ^2 <•••< Ejjj. From the
Hylleraas-Undheim-McDonald theorem we have^®
^k ^ (29)
The wave function associated with a particular eigenvalue is
given by (28) with the {aj^} as the corresponding eigenvalue
components. The radial part of the one electron functions in
analytic form is expressed as a sum of Slater-type orbitals
after Clementi and Roetti^^:
Pnl = 5 “jnl^^^”^ exp(-ajnir). (30)
where n and 1 are the principal and orbital angular momentum
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quantum numbers respectively. Equation (29) sets the
criterion for variation of the ground and excited states.
Since the eigenvalues {Ej^} depend on the radial functions,
{Pni} the exponents, expansion coefficients,
ajjj2 iri (30) can be varied to optimize the energy of any
state subject to the orthonormality conditions
CO
f Pni(r) Pn/i(r)dr = 5^^'•
0
Once the wave functions i^(LS) have thus been obtained they
are used to obtain oscillator strengths in the dipole length
(f^) and dipole velocity (fy) approximations for transitions
between initial and final states and with energies
and E^^^ respectively:
fL = 2AE/3gi|<^(i) |S rp|^(f)>|2
and
fy = 2/3giAE|<^(^) |s
where E = E^^^ - E^^^ and gj^ = (2Lj^ + 1) (2Sj^ + 1) is the
statistical weight of the lower state . For exact wave
functions fj^ equals fy. For approximate wave functions they
differ. The reliability of either is dependent on the
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closeness of the two values and on their stability as more
configurations are added to (28).
The dipole length and velocity approximations
calculated here are almost the same and compatible with
accepted values. We have ensured also that the energy
splittings between the ground state and the various excited
states for both K'*' and Na'*’ are close to observed splittings.
In tables 1-2 we list the configurations chosen for the
N-electron ionic systems and the configuration sets
representing both the initial and final states of the (N+1)-
electron systems. The configuration set of the initial
(N+1)-electron system is found to provide an energy that is
largely stable to the addition of other configurations. The
initial (N+1)-electron system includes ground state terms
that are complimentary to the final-state polarization
configuration.
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Table 1 TARGET WAVE FUNCTIONS
A. ion ; N - electron system
1. 3p® [ 2 CONFIGURATIONS ]
3p®, 3p®4p
2. 3p^4s [ 3 CONFIGURATIONS ]
3p^4s, 3p^3d, 3p^4d
3. 3p^3d [3 CONFIGURATIONS ]
3p54s, 3p®3d, 3p^4d
4. 3p^4s ^P° [3 CONFIGURATIONS ]
3p^4s, 3p^3d, 3p^4d
5. 3p^3d ^F° [ 2 CONFIGURATIONS ]
3p®3d, 3p®4d
K atom : ( N + 1 ) - electron system
Initial State [ 7 CONFIGURATIONS ]
^S® : 3p®4s, 3p^3d(^'^P)4p, 3p^4s(^'^P)4p, 3p^4p(^'^D)4d
Final State [ 27 CONFIGURATIONS ]





Table 2 TARGET WAVE FUNCTIONS rNa^
A. Na'*' ion : N - electron system
1. 2p® [ 6 CONFIGURATIONS ]
2p®, 2p53p, 2p54p, 2p4(^S)3p2(ls), 2p4(^P)3p2(3p),
2p^(^D)3p2(lD)
2. 2p^3s [ 8 CONFIGURATIONS ]
2p^3s, 2p^4s, 2p53d, 2p^4d, 2p^(^P)3s(^P)3p,
2p^(^P)3s(^P)3p, 2p^(^D)3s(2d)3p, 2p^(^S)3s(^S)3p
3. 2p^3s ^p° [ 8 CONFIGURATIONS ]
2p^3s, 2p^4s, 2p^3d, 2p^4d, 2s2p^3s^
2p^(^S)3s(2s)3p, 2p^(^D)3s(2d)3p, 2p^(^P)3s(^P)3p
Na atom ; ( N + 1 ) - electron system
Initial State [ 22 CONFIGURATIONS ]
^s® : 2p®3s, 2p®4s, 2p53s(^P°,^P®)3p, 2p^3s(^P°,^P®)4p
2p^3p(^D,^D)3d, 2p^3p(^S,^S)4s, 2p^3p(^D,^D)4d
2p53d(^P,^P)4p, 2p^4s(^P,^P)4p, 2p®4p(^D,^D)4d
Final state [ 54 CONFIGURATIONS ]











The photoionization cross sections for Na 3s and K 4s
are shown in figures 1 to 15. The plots presented here cover
cross section values starting from the single channel region
between the thresholds of the ground ionic state and the
first excited ionic state and past the threshold of the
highest excited ionic state under consideration. The length
forms are generally greater than the velocity forms in these
results.
Figures l and 2 represent the total photoionization
cross section versus energy for the two different 3 s
orbitals of Na given in table 3, in the neighborhood of the
Cooper minimum. In the minimum the length and velocity cross
sections do not differ much. However,in the threshold region
both are very sensitive. This sensitivity of photoionization
cross section to the target wave function has been discussed
by Msezane and Manson^^ for both the excited 3d subshells of
Na and K. Hartree-Fock wave functions which appear to be
similar to numerical ones yield different photoionization
cross sections values near threshold. For Na the value of
the present cross sections at the minimum is about zero and
it occurs at an energy of about 0.5Ry in both length and
velocity forms. These results are in agreement with




Fig. 2. Cross section in the low energy region near the No 2p^ S threshold
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(a) Wave function 1













































(b) Wave function 2
The same as in 5(a) except that the 3s orbital is
replaced by:
3s 8.86096 3.67615 1.22602
ajL 0.95703 -0.32998 1.02738
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check the accuracy of our calculational procedure.
We now examine the Na plots of figures 3 to 7. We note
that they are dominated by huge resonance structures. The
total energy range considered is between 2.6Ry and 3.6Ry.
The threshold energies occur at 2.82Ry for the 2p^3s
excited state and at 2.84Ry for the 2p®3s state. These
energies are indicated by the arrows. The ground ionic state
partial cross section is displayed in figure 3. It does
yield the resonance structure but contributes the least to
the total cross section which is a superposition of the
partial cross sections. The highest peaks occur between
3.2Ry and 3.6Ry and here the velocity takes precedence over
the length form. The regions of lower cross section between
2.9Ry and 3.2Ry exhibit broad resonances. The range of
values for this state reaches only about 0.32
Megabarns(Mb). The ^P° state dipicted in figure 4 begins
with a very high resonance (about 13Mb in the length form and
11Mb in velocity). In the ^P° partial cross section only two
outstanding resonances occur; at 3.22Ry and at 3.46Ry. The
total cross section plot shows that the cross section value
abruptly increases in value at 2.82Ry mainly due to the
large ^P° threshold resonance. The effects of the ^P° and
the ^P° thresholds, occurring only 2Ry apart, are quite
indistinguishable on this total cross section plot. Fairly
complex resonance structures arise between 3.04Ry and 3.46Ry
coming from both the ^P° and ^P° plots, but the peak at













































Fig. 6. Total photoionization cross section of No
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about 3.42Ry is the only one that is a superposition of two
different peaks from the two plots occurring at the same
energy. A very noticeable minimum occurs immediately
following this peak at 3.48Ry. Figures 4 and 5 both show
this minimum in the partial cross sections at 3.48Ry. Figure
7 is also a total cross section result obtained from another
variation in the initial state wave function(table 5b),
specifically a change in the 3s orbital for sodium. The
large resonances at 2.82Ry and 3.42Ry again appear as before
in the plot of figure 6. Here the resonance peaks between
them are subdued. In both total cross section plots the rise
and fall pattern of the length and velocity forms closely
follow each other, occurring at the same energy values even
when differences occur in the cross section values.
Turning now to potassium we have an energy range of
1.72Ry to 3.2Ry dominated by broader resonances than with
sodium. The plots are depicted in figures 8 to 15. The
thresholds of the excited ionic states indicated by the
arrows occur at 1.83Ry (3p^4s ^P°), 1.84Ry (3p^4s ^P°) ,
1.86Ry (3p^3d ^P°) and 1.91Ry (3p^3d ^F°). The cross section
for 3p® is characterized by a complex resonant structure
up to about 1.92Ry. The length and velocity forms follow
each other closely in shape as the close-up in figure 9
shows. The highest value of 2.4531Mb occurs at 1.74Ry. The
plot rises to a maximum at 1.97Ry and then decays smoothly.





Fig. S. Partial cross section of the K state
Crosssection(Mb)












rig, 10, Partial cross section of the K 3p^4s state
Crosssection(Mb)
pT yj ^
Fig. 1 Partial cross section of the l< 3p^4s P state
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3p^4s ^P° (figures 10 and 11) exhibit like characteristics;
these states have thresholds at 1.83Ry and 1.84Ry
respectively, which make them almost degenerate. They both
show a resonance structure near their thresholds, decline to
a minimum at about 1.93Ry, then rise to a broad maximum
around 2.35Ry and finally decay. The velocity values follow
the length forms in pattern but are smaller by a factor of
about 2. There is a resonant increment in both curves(more
pronounced in the state) immediately following the
earlier mentioned minimum. Due to an overlapping by the
larger and broader maximum that follows it is not very
distinct. Figure 12 displays the partial cross section of
the 3p®3d ^P° state. This plot contains the greatest value
of all the partial cross sections for both the length and
velocity forms at the resonance that occurs near its
threshold of 1.95Ry. The cross section decays from then on.
The cross section for the next higher state, 3p^3d ^F°, has
a structure that is about 2 orders of magnitude smaller than
for the three previous states. The only apparent resonance
occurs at 2.00Ry shortly after its threshold. From there the
values rapidly decline to less than 0.064Ry. This state
generally carries the lowest cross section value of the five
states considered. The total cross section section value of
figure 14 bears a close resemblance to the 4s plots.
The 4s l»3pO states, being similar in characteristics
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Fig, 13, Partiol cross section of the K 3p*^3d stote
Crosssection(Mb)
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The initial cluster of narrow resonances and the ensuing
broad maximum is evident in both of them. The effect of the
huge resonance from the 3d plot is not very distinct in
this plot. The close-up plot of figure 15 encompasses the
region of all the thresholds. The two humps observed are
contributions from the thresholds of the 4s and the 3d
^P° states. The length form is greater than the velocity
form by a factor of about 2.
The detailed values for these cross sections, including
all partial cross sections considered for both K and Na are











, 1: , Total photoionization cross section of K in the threshold region
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V2 "l3 '^V3 Total a Total
2.60 0.0939 0.0809 0.0989 0.0809
2.62 0.1066 0.0849 0.1066 0.0849
2.64 0.1159 0.0901 0.1159 0.0901
2.66 0.1291 0.0984 0.1291 0.0984
2.68 0.1557 0.1170 0.1557 0.L170
2.70 0.2035 0.1557 0.2035 0.1557
2.72 0.0102 0.0052 0.0102 0.C052
2.74 0.0396 0.0233 0.0396 0.0233
2.76 0.1054 0.0737 0.1054 0.0737
2.78 0.1351 0.0937 0.1351 0.0937
2.80 0.1645 0.1180 0.1645 . 0.1180
2.82 0.1988 0.1532 12.7640 10.8900 12.9628 11.0432
2.84 0.0877 0.0579 2.6130 2.2050 3.4120 2.8800 6.1127 5.1429
2.86 0.0765 0.0495 3.0340 2.1960 1.9600 1.7620 5.0705 4.0075
2.90 0.0408 0.0295 1.9200 1.4100 2.1460 1.8390 4.1068 3.2785
2.92 0.0255 0.0164 1.4160 1.0240 2.0100 1.6970 3.4515 2.7374
2.94 0.0994 0.0847 1.9010 1.4790 2.1340 1.7870 4.. 1344 3.3507
2.96 0.0710 0.0600 1.2750 1.0210 2.2720 1.8990 3.6180 2.9800
2.98 0.0798 0.0662 2.4740 1.9460 1.5880 1.3270 4.1418 3.3392
2.98 0.0761 0.0626 2.9490 2.1940 1.0900 0.9500 4.1151 3.2065
3.00 . 0.0745 0.0611 3.1480 2.2410 0.9370 0.3380 4.1595 3.1401
3.02 0.0742 0.0601 3.7610 2.5470 0.8330 0.7580 4.6682 3.3651
3.04 0.0610 0.0460 6.1250 3.3250 0.S620 0.8130 7.0480 4.1850
3.06 0.0558 0.0485 2.4350' 1.9230 1.2830 1.0120 3.7738 2.9835
3.08 0.0476 0.0397 2.6540 1.8090 1.4060 1.1830 4.1076 3.0317
3.10 0.0360 0.0315 1.9360 1.1630 1.9990 1.6790 3.9710 2.8735
3.12 0.0416 0.0425 1.2030 1.1060 2.2580 1.6520 3.5026 2.8005
3.14 0.0522 0.0490 1.9900 1.8920 1.8490 1.2550 3.8912 3.2060
3.16 0.0537 0.0477 2.6680 2.3810 1.5950 1.0930 4.3167 3.5217
3.18 0.0462 0.0406 3.1150 2.6750 1.5200 1.0410 4.6812 3.7566
3.20 0.0245 0.0251 3.2040 2.7410 1.7330 1.1350 4.9615 3.9011
3.22 0.2613 0.0650 1.9220 1.7880 7.3760 3.5910 9.5593 5.4440
3.24 0.1377 ■0.0617 6.7500 4.9940— 0.2380 0.2470 7.1257 5.3027
3.26 0.2078 0.1130 3.2380 2.5620 1.8440 1.1760 5.2898 3.8510
3.28 0.1870 0.1022 3.8250 2.7870 0.9420 0.7650 4.9550 3.6542
3.30 0.1744 0.0737 5.7560 4.7610 2.3220 2.1550 3.2524 5.9897
3.32 0.0655 0.0309 3.3130 2.2250 1.5930 1.5390 4.9765 3.7949
3.34 0.0698 0.0382 2.9300 2.3130 1.8190 1.2540 4.8188 3.6052
3.36 0.1705 0.1049 3.1920 1.8966 1.4310 1.1320 4.7935 3.1335
3.38 0.2755 0.3357 4.3570 4.2920 1.5590 1.0900 6.1915 5.7177
3.40 0.0945 0.0885 6.2830 5.1060 1.3430 1.0210 7.7205 6.2155
3.42 0.0616 0.0454 7.9310 6.1920 1.3830 1.5710 9.8756 7,3084
3.44 0.0222 0.0100 3.8690 2.3890 2.9610 2.0910 6.8522 4.9900
3.46 0.0299 0.0451 0.7290 0.5920 4.9140 4.2250 5.3729 4.8621
3.48 0.3116 0.3119 0.3970 0.6570 0.6580 0.3490 1.3666 1.3179
3.50 0.1196 0.1050 1.3500 1.0220 1.7190 1.0730 3.1886 2.2000
3.52 0.0896 0.0724 1.73SO 1.2400 1.7910 1.2450 3.5186 2.5574
3.54 0.0310 0.0193 1.4830 1.1920 2.1050 1.5810 3.5240 2.7923
3.55 0.0806 0.0811 2.5700 1.9 740 1.5600 1.1210 4.3106 3.1751
5.53 0.0699 0.0725 2.7340 2.0550 L.5700 1.0650 - —239 3.1925
3.50 0.0525 0.0689 '2.9650 2.1310 1.5650 1.3530 ;3j5 3.2529




^V2 ^L3 °V3 °V4 ^L5 ^V5 Total Total
1 r? ) .90 72 1.3999 1.967? 1 39 9 9
/■) ).. 2999 1.1055 1.2999 1.1055
1 Hi 2.9531 1.0755 2 9 531 1.0/ 5 ",
1 .I'i 0.9963 0.0719 0.9963 0.0719
;fi 0.0021 0.0162 0.0021 0.0162
1 77 0.0931 0.7650 0.09 3 1 0.7650
1 7« 0.0911 0.7601 0.09 1 1 0. 7601
/y 0.0351 0.7551 0.0.351 0.755)
{10 0.0100 0.7027 0.0100 0.7027
1 !ll. 0.6500 0.6000 0,6500 0.6000
1 n-; 0.9992 0.9073 0.9992 0,9073
1 03 1.9195 1,5990 7.0251 3.9220 0.999 6 5.5210
1 lOi 0.9262 0.9575 7.2299 3.0769 7.0032 9.2900 15.5300 0,6319
M3 0.0935 0,0159 5.2301 2.9973 0.7955 5.1663 19.0271 0.9795
06 1.2301 1.1905 2.2751 1.0077 9.6919 5.3916 11.9609 Oi3509 25.12.35 15.09 0 2
] 07 1.2935 1.0009 9.7837 9.1539 9.0261 5.9620 11.0999 6.9290 26.9902 10.1320
1 00 0.9600 0.7501 6.0697 9.5750 9.9096 6.1200 0.9916 9.0962 26.00)7 16. 3993
09 0.9730 0.7666 5.9767 3.6068 8.9600 5.2299 10.3911 5.7919 25.3000 15,9/5?
90 0.9007 0.7206 2.9861 1.6926 10.0702 6.1398 12.5039 7.0309 25.9609 15.5999
1 9] 0.9956 0.0065 2.9371 1.5811 7.8099 9.7690 19.6992 0.3132 0.1903 0.1079 26.1566 15 .5 72 7
,1 92 1.0593 0.0591 2.2603 1.9270 7.0659 9.2995 16.7562 9.5912 0.2230 0.1250 27.3600 16.) 961!
93 1. 1119 0.0979 2.6706 1.6355 6.9793 3.0720 10.5156 10.5560 0.2512 0.1397 29.0231 17.1006
99 1.1579 0.9305 3.6127 2.1605 6.2087 3.6062 19.6869 11.2299 0.2716 0.1512 30.9373 10.1533
1 95 1.1071 0.9509 9.9173 2.0965 6.2769 3.6965 20.1956 11.5002 0.2075 0.1609 32.0639 19.2125
.96 1.2012 0.9506 6.3919 3.7291 6.6058 3.8621 20.1328 11.9596 0.3099 0.1722 39.6361 20.1016
1 .97 1.2015 0.9569 7.9022 9.5021 7.0992 9.1299 19.6612 11.1731 0.3339 0.1906 36.192.5 21.0271
Table 5b. Photoionization cross sections of K (contd.)
Energy ^L1 "^Vl °L2 ^V3 °L0 >
D '’L5 >D Total Total a,
1 . Vlt 1.1937 0.9090 9.0119 5.0363 7.6013 0.0260 10.9209 10.7311 0.3007 0.2261 37.5605 21.7609
1 09 J .1005 0.9305 10.9076 6.3365 8.1030 0.7005 10.0018 10.1771 0.5030 0.2996 30.0171 22.0602
2.00 1.1675 0.9203 12.8006 7.3956 0.0139 0.0611 16.8903 9.5107 0.7576 0.0637 00.0379 23.1590
2.05 1,1730 0.91.70 11.6136 6.0303 9.5077 5.1607 17.2100 9.7010 0.3336 0.2318 39.8031 22.0500
2 )0 ].1127 0.0532 13.6252 7.4160 12.0260 6,5272 15.0830 0.8299 0.10.39 0.0735 02.7500 23.7002
2.15 1.0010 0.0023 15.0603 8.0071 13.0030 7.2319 15.2621 0.3690 0.0709 0.0500 00.9217 20.5003
2.20 1.0500 0.7095 16.0635 8.5132 10.0082 7.6056 10.8007 0,0096 0.0577 0.0005 06.5005 25.0300
2.2 5 1.0252 0.6930 16.7105 0.7511 15.0960 7.9307 10.5333 7.7567 0.0503 0.0350 07.0197 25.1705
2 . JO 0.9932 0.6359 17.0857 0.0019 15.0309 0.0196 10.1577 7.0562 0.0000 0.0305 07.7163 20.980 1
2.35 0.9505 0.5002 17.2397 8.0220 15.5275 7.9696 13.7500 7.1000 0.0396 0.0261 07.5193 20,5059
2.00 0.9200 0.5267 17.2208 8.7166 15.0020 7.0277 13.3295 6.8356 0.0307 0.0210 06.9070 23.9200
2 0 5 0.0777 0.0752 17.0025 0.5300 15.2050 7.6100 12.0737 6.5139 0.0300 0.0160 06.0301 23.1511
2 . 50 0.0260 0.0200 16.6907 0.2730 10.0111 7.3193 12.3565 6.1690 0.0293 0.0131 00.7176 22.1900
2 . 55 0.7633 0.3730 16.1206 7.9068 10.2567 6.9560 11.7096 5.7886 0.0333 0.0129 02.9275 21.03/7
2.60 0.6930 0.3205 15.2206 7.3795 13.6100 6.5631 11.0069 5.3730 0.0067 0.0211 00.6220 19.6620
2 . 0 5 0.6200 0.2001. 13.9896 6.6075 12.9161 6,1662 10.2567 0.9308 0.0610 0.0357 37.0006 10.1003
2 . /O 0.5052 0.2300 12.6693 5.9606 12.0500 5.7023 9.3037 0.0JB97 0.0601 0.0000 30.7171 16.0130
2 . 15 0.0665 0.1976 11.0110 5.3033 11.0306 5.1600 8.0710 3.9000 0.0585 0.0055 31.0376 10.6908
2 . (10 0,3921 0.1613 10.2251 0.6929 9.9575 0.6196 7.5700 ' 3.5105 0.0513 0.0030 ooCMCOCM 13.0357
2 . (15 0.3267 0.1300 9.1250 0.1391 0.9239 0.0975 6.7360 3,0900 0.0000 0.0002 25.1572 11.5016
2 . 90 0.2721 0.1000 8.1303 3.6070 7.9752 3.6221 5.9808 2.7168 0.0393 0.0366 22.3977 10.1277
2 95 0.2207 0.0802 7.2099 3.2187 7.1282 3.1999 5.3105 2.3880 0.0308 0.0328 19.9561 8.9236
J . 00 0.1906 0.0675 6.0811 2.7958 6.3000 2.8300 0.7350 2.1056 0.0311 0.0290 17.8270 7.8203
J 05 0.1609 0.0502 5.0110 2.5296 5.7357 2.5086 0.2357 1.0651 0.0201 0.0250 15.9798 6.9029
J . 1 0 0.1090 0.0030 5.2257 2.2521 5.1601 2.2280 3.8066 1.6626 0.0257 0.0222 10.3751 6.2003
,3 . 1 5 0.1328 0.0303 0.7079 2.0082 0.6666 1.9812 3.0500 1.5010 0.0236 0.0195 12.9817 5.5050




The photoionization cross sections of Na and K have
been calculated for energy values spanning the low energy
single-channel region of the ground ionic state and the
resonant multi-channel region which includes higher excited
ionic states. The partial and total cross sections are
presented for Na 3s ^S leaving the residual Na"*” ions in the
three lowest 2p® ^S, 2p^3s ls states and for K 4s ^S
leaving the residual K"*" ions in the five lowest 3p® ^S,
3p®4s 3p^3d ^P° and 3p^3d LS states. The present
calculations have been carried out in the LS coupling scheme
using both the dipole length and dipole velocity forms of
the R-matrix method. Overall the agreement between the
length and velocity forms needs improvement even though they
follow one another in shape.
The basic philosophy of the R-matrix method is that the
interaction of the electron with the target atom has
fundamentally different characteristics in two different
regions of configuration space separated by a sphere of
radius r = a (r is the distance of the scattering electron
from the centre of mass of the target) . One then formulates
different equations appropriate to the region in question
joining the solutions at the boundary by an R-matrix.
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Our results for Na near the threshold region of the 3p®
ionic state are in general agreement with the previous
reports.^® Alterations in the 3s orbital do not change the
position of the Cooper minimum at 0.48Ry, but the shape of
the length appears to change. The oscillatory nature of the
length form beyond the Cooper minimum indicates that a more
accurate target wave function is needed. The discrepancy
between calculated and experimental values at energies above
l.lSRy still persists, as with all previous calculations.
In the resonant region the Na plots reveal narrow but
huge resonances. The Rydberg series of autoionizing states
observed between the various thresholds converge to the
excited ionic state thresholds. The autoionizing states are
formed from core-excited configurations of the type
2p^3snl(n>3). The specific locations of these states and
their peaks cannot be simply pointed out due to the complex
and closely occuring nature of the resonances. The two total
cross section plots for two different 3s orbitals (figs. 6
and 7) indicate sensitivity near the minima to this orbital.
The magnitudes of the resonances, however appear to be
insensitive to variations in this orbital.
The K curves are characterized by much broader maxima
and the rather complex resonance structure does not allow
for simple analysis. However, a qualitive description can be
given. In nuclear physics Giant Resonances are due to
collective oscillatory behaviour of nucleons within the
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nucleus. They are essentially single channel effects due to
rapid and intrinsic variation in the density of states which
can become huge and dominate cross sections, completely
dwarfing transitions to other channels in the same energy
range.Analogously, the huge resonance structure in the
total cross section of K may be interpreted as essentially a
manifestation of the collective behaviour of the individual
single channel cross sections in the energy range of
interest (main contribution is from 4s ^P°, 4s and 3d
^P° states). In the context of Connerade and Lane^®
description of Giant Resonance in atoms we identify the
structure in the total cross section of K as a Giant
Resonance. Note also that the individual channel cross
sections manifest Giant Resonance structure in some energy
ranges due to many-body effects. It is to be noted that each
partial plot starts to decay rapidly at about 2.6Ry when the
resonance structure diminishes. The total cross section
decays in a similar manner indicating that for K the bulk of
the resonance structure occurs in the region indicated by
the hump in the total cross section (about 1.97 to 2.78Ry).
Morever, the 3p6 and the excited state 3p^3d and do
not contributely significantly to the theoretical total
cross section. We, therefore, expect contributions from
other higher excited states to be insignificant in this
energy range.
At present there is no other theoretical work to make a
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comparison with. A higher energy resolution in the
calculation of the cross sections is desirable in order to
bring out more features of the resonant structure and more
clearly define the Rydberg series clusters. More accurately
defined 3s and 4s orbitals (for example, numerical ones) are
also needed to obtain a better agreement between the length
and velocity forms of the cross sections.
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